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Abstract 
This work presents the experimental characterization of the fatigue crack growth resistance of an ultrafine-grained (UFG) copper
alloy with a purity level equal to 99.90%. The UFG copper has an average grain size of 300 nm obtained by a 8-passes ECAP 
process throughout route Bc. The crack propagation behavior is investigated by standard fatigue crack propagation tests 
conducted in air, at load ratio R = Kmin/Kmax varying from 0.1 to 0.7, on Disk Shaped CT specimens. The tests are conducted at 
stage I and stage II regime of crack growth rate. Results are partially in contrast with the few experimental data available in
literature about this material. In fact, the present copper shows a relatively high fatigue crack resistance with respect to the
conventional coarse-grained alloy, especially when increases the applied 'K = Kmax–Kmin. The analysis of some fracture surface 
morphologies corresponding to different growth rates, is conducted to highlight the propagation mechanism. A diffuse crack 
deflection and branching is observed at high nominal R-ratio, that could explain the crack retardation. However, a better 
understanding is needed on the effective role of the grain size, of the dislocations density and of the impurities at the grain
boundaries. A micromechanical model based on a statistically equivalent microstructure obtained with a Voronoi tessellation is 
under study by the author in order to clarify these aspects. 
Keywords: Fatigue crack propagation; ultrafine-grained copper; purity level; crack branching. 
1. Introduction 
The potentials for using nanostructured materials in engineering applications are being driven primarily by their 
superior mechanical properties. Nanostructured materials produced by severe plastic deformation can be tailored to 
have both superior performance and superior properties. These materials are attractive for use in a range of 
applications from biomedical to aerospace industries [1-3]. A common process to impose severe plastic 
deformations to a bulk volume of material is the Equal Channel Angular Pressing, or ECAP, that is able to refine the 
grains and sub-grains structure up to 1000 times the conventional one [4]. The ECAP process, as any metal 
hardening process, increases the local plastic deformation energy and with it the energy necessary to cause a 
dislocation movement inside a single grain and also from a grain to another by crossing a grain boundary: higher the 
stress needed to invoke the dislocations movement, higher the yield strength of the material. As a matter of fact, the 
dislocation hardening produced by a strong grain refinement brings to a considerable enhancement of static and 
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fatigue strength of metals [5-9]. As a counterpart, a few loss of ductility of such nanostructured materials is 
encountered; it has been attributed to their low work hardening because their small grain sizes do not accommodate 
further dislocation accumulation [10]. 
Nomenclature 
a crack length 
W specimen width 
B specimen thickness 
P tensile applied load 
C0÷C4 constants relative to the DSCT geometry 
N number of cycles 
da/dN crack growth rate 
K Stress Intensity Factor (SIF) 
'K  Stress Intensity Factor amplitude = Kmax–Kmin
'Kth Threshold Stress Intensity Factor  
Kop Stress Intensity Factor necessary to open a crack 
R load ratio = Kmin/Kmax
C, m Paris propagation law constants 
dG average grain size 
N1,2 interpolating constants 
E1,2 interpolating constants 
A, B fitting parameters 
D, J fitting parameters 
'Keff Effective Stress Intensity Factor = Kmax–Kop
(da/dN)L growth rate of a linear undeflected crack 
S, D, T geometrical parameter of crack deflection (see Fig. 7) 
uI, uII sliding displacement at the crack closure (see Fig. 7) 
F mismatch ҏparameterҏ=ҏuII/uI
The effect of grain size on cyclic plasticity and fatigue life of metals has been in focus of many investigations on 
steel, copper, nickel, titanium and magnesium based alloys. In general, two major conclusions based on these studies 
have been drawn: (i) the fatigue limit of pure f.c.c. metals with relatively high stacking fault energy and wavy slip 
behavior is not affected by the grain size; and (ii) the fatigue strength of materials exhibiting planar slip, increases 
with decreasing grain size and follows the Hall-Petch relationship in the same way as the yield stress in conventional 
polycrystalline metals [11]. In particular, the studies concerning with the ultrafine-grained (UFG) copper have 
shown the following aspects: (1) the UFG copper exhibits higher fatigue strength than the coarse-grained (CG) 
counterpart when the cycling is stress-controlled [12], and lower fatigue strength during strain-controlled test [13]; 
(2) a low purity UFG copper alloy shows higher resistance in all fatigue life [14]; and (3) the level of purity affects 
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the fatigue behavior, [15]. In particular, in [15], where 3 levels of purity (99.5, 99.9, 99.9998%) and 5 ECAP routes 
are tested, it is shown that the ECAP route affects fatigue strength as well. Both the effects (purity and route) are 
more pronounced for low stress amplitudes. 
Whilst a large number of studies have been conducted on static and fatigue properties of UFG copper, since now 
very few data on the fatigue crack growth (FCG) behavior of this material are available. This is mainly due to the 
difficulty to obtain quite large bulk volumes of ECAPed material to be machined in standard specimens for crack 
propagation tests. However, the knowledge of FCG behavior is of crucial importance for most of the engineering 
applications, and is necessary for a comprehensive understanding of the fatigue properties of a material. 
On the author knowledge, actually only two works by Vinogradov [11] and Cavaliere [16] report some 
experimental fatigue crack propagation curves for the UFG copper. These two works demonstrate that this material 
exhibits the same crack propagation behavior as those for polycrystals, i.e. a threshold regime, an intermediate stable 
growth regime, well described by the Paris-Erdogan law, and an instable regime at high crack growth rates. It has 
been also found that the growth rate of a defect in the threshold regime is higher in UFG alloy than that of the 
polycrystalline reference material [11,16,17]. This behavior has been ascribed to the absence of any tightening 
mechanism in the UFG state, e.g. roughness of the crack path, due to the peculiar microstructure. Indeed, in UFG 
microstructures the crack path usually appears straight and smooth, providing faster growth rates under limited crack 
tip plasticity. Prevalence of intergranular fracture mode during FCG was experimentally observed, explaining the 
nearly straight crack path in a uniform UFG structure. However, direct in-situ observation of the initiation and 
growth of a small, semi-elliptical surface crack in a UFG copper structure, has shown a transition of the propagation 
mechanism after about 0.1 mm of crack length: as the scheme of Fig. 1 illustrates, from intergranular and straight, 
the crack path becomes tortuous with a decrease in the FCG rate when the cyclic plastic zone (CPZ) ahead of the 
crack tip interests quite a large number of grains [18]. This changing in the propagation mechanism is due to the 
interrelationship between the grains structure and the crack, as indicated in the caption of Fig. 1. 
However, more understanding is necessary about the resistance of ultrafine-grained structures to the propagation 
of long, well-developed cracks; open questions remain the role of the reverse plastic zone at the crack tip, the shear 
bands formation mechanism, and their interaction with the specific, small-scale grains structure, and the possible 
toughening mechanisms. 
The aim of this paper is to present and discuss the fatigue crack growth resistance of a copper alloy in the UFG 
state and with a commercial purity level. Results of the laboratory activity are juxtaposed with data from the 
technical literature referred to coarse and ultrafine copper having different purity levels. The work is essentially 
phenomenological, in the sense that the fracture behavior is determined with standard tests and from an 
“engineering” point of view rather than from a basic approach of material science. Nevertheless, a preliminary 
discussion of the propagation mechanism is conducted with the support of simplified closure and toughening models 
driven by the SEM analysis of crack paths. All these elements are the starting point of a modeling activity based on 
the reconstruction of a statistically equivalent microstructure with the adoption of a Voronoi tessellation approach. 
Fig. 1. A scheme of the growth mechanism of a small surface crack in the UFG copper and of the relationship between the cyclic plastic zone 
(CPZ) at the crack tip and the grain size: (a) when CPZ is smaller than the grain size, the crack propagates in a mechanism conform to the local 
area (grain or grain boundary), e.g. along the final shear pressing direction; (b) when CPZ is 1-2 times the grain size, the crack grows along GBs 
where an incompatibility of deformation in adjacent grains is concentrated, showing an intergranular crack path; (c) when the CPZ is more than 
3-4 times the grain size, the crack propagates because of the striation formation mechanism, associated with crack tip retardation and blunting. 
From Ref. [18]. 
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2. Material and experimental details 
The material used for this study is a copper alloy subjected to a 8 passes ECAP throughout route Bc, i.e. with a 
billet rotation in the same sense by 90° between each pass. The copper has been processed in the laboratory of Prof. 
R.Z. Valiev at the Ufa State Aviation Technical University (Russia), starting from cylindrical samples of 20 mm in 
diameter and 120 mm in length. Cylindrical samples of 16 mm in diameter and 100 mm in length were machined 
from the billets. The obtained microstructure is shown in micrograph of Fig. 2: it results fine and uniform, with grain 
size ranging from 100 to 800 nm and average size 300 nm. The orientation map, visible in Fig. 2 right, shows a low 
angle grain boundaries structure. The chemical composition, reported in Tab. 1, indicates that the purity level is 
99.90%. As mentioned, impurities in UFG copper can play a consistent effect on mechanical properties, especially 
on the fatigue resistance. Static and fatigue properties, taken from Ref. [12], are here summarized in Tab. 2, together 
with the properties of CG wrought copper alloy with 30 Pm grain size, taken from Ref. [19]. Advantages of ECAP 
process are a yield strength Vy that is 4-fold the conventional strength, and a doubled fatigue limit Vf.
The FCG tests were conducted in laboratory on Disk Shaped CT specimens, in air and at room temperature. 
Specimens were machined in discs of 7 mm in thickness from the bars of 16 mm in diameter. A MTS 810 servo-
hydraulic machine working at frequency of 10 Hz has been used for the test. A view of the DSCT specimen is 
shown in Fig. 3. Due to its reduced dimensions, a Back Face Strain Measurement (BFSG) technique has been 
necessarily adopted to monitor the crack length on the specimen, by the adoption of a very small strain gage glued to 
its back. In conjunction with a finite element calibration, the BFSG technique allows to calculate the mode I Stress 
Intensity Factor (SIF) as a function of a/W ratio by Eq. (1): 
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with P the applied load, that is measured by a 3kN load cell, B and W the characteristic specimen dimensions, and 
Ci the constants relative to the DSCT geometry. The standard procedure for FCG calculation indicated in [20] is 
here adopted to realize K-increasing and K-decreasing (load-shedding) tests. Experimental tests are conducted at 
load ratio R = Kmin/Kmax equal to 0.1, 0.3, 0.5 and 0.7. Each test is repeated twice. The mode I crack propagation 
resistance is investigated both in the stable growth regime (stage II), and in the threshold regime (stage I). 
Acquisition of each data point is automatically made every 0.1 mm of crack propagation. To facilitate the crack 
initiation and a mode I crack propagation, an initial fatigue precracking of 0.8 mm at load ratio 0.1 is conducted for 
all specimens. An estimation of 'Kth at the conventional growth rate of 10-7 mm/cycle has been made following the 
procedure of regularization [20]: data points of crack a as a function of applied 'K, and of 'K as a function of 
number of cycles N, have been interpolated by exponential curves, adopting opportune values for N1,2 and E1,2:
a N  a0 N1 1 eN2 N  (2) 
'K N  'K0  E1eE2 N (3) 
Fig. 2. TEM micrograph and grains orientation map of the ECAPed UFG copper, [12]. 
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Fig. 3. The small Disk Shaped CT specimen adopted for the experimentation; a propagated crack emanating from the notch is visible on the right. 
Table 1. Chemical composition (in % wt) of the UFG copper. 
Bi Sb As Fe Ni Pb Sn S O Zn Ag Cu
0.001 0.002 0.002 0.005 0.002 0.005 0.002 0.004 0.05 0.004 0.003 balance
Table 2. Mechanical properties of CG and UFG polycrystalline copper. 
Copper dGPm) Vy (MPa) Vu (MPa) A% Vf (108 cycles) (MPa) 
CG, [14] 30 95±5 195±5 41.5 77
UFG, [12] 0.300±0.015 375±4 387±5 18.5 168
Deriving and plotting Eq. (2) towards 'K points of Eq. (3), a regularized da/dN-'K curve is obtained from which it 
is easy to determine the threshold 'K at 1·10-7 mm/cycle. Moreover, the dependence of 'Kth from R-ratio is here 
modeled by the linear fit proposed by Barson [21], Eq. (4), and by the power fit proposed by Klesnil and Lucas [22], 
Eq. (5), with opportune fitting constants A, B, D and J:
'Kth = A – BR (4) 
'Kth = D(1 – R)
J (5) 
3. Results and discussion 
3.1. Fatigue crack propagation in the stable regime (stage II) 
Results of FCG tests are presented in Fig. 4 left, in the form of traditional log-log da/dN-'K diagrams. Other data 
found in literature are plotted into the diagram for comparison; these are (i) FCG curve at R = 0.25 of high purity 
UFG copper ECAPed by 4Bc passes, with average grain size dG = 270 nm [16]; (ii) FCG curve at R = 0.5 of Cu 
produced by 4Bc ECAP passes and dG = 300 nm [11]; (iii) FCG curve at R = 0.5 of Cu produced by 16A ECAP 
passes and dG = 300 nm [11]; and (iv) FCG at R = 0.5 of CG copper with dG = 15 Pm [19]. From the analysis of 
results the following considerations can be drawn: (i) transition from threshold to stable growth regime is 
continuous, and as for the conventional metals points in stage II can be fitted by straight lines; (ii) applied 'K ranges 
between 6 and 45 MPa¥m, and related FCG rates from 6·10-7 to 2·10-3 mm/cycle; and (iii) R-ratio at stage II 
influences the slope of the propagation curves, as showed in detail in the trend of coefficient m of propagation law 
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da/dN = C('K)m in Fig. 4 right; at stage II the propagation curves intersect at about da/dN = 10-5 mm/cycle. When 
comparing these results with those of literature [11, 18], the following aspects can be highlighted: 
x at a given applied 'K range a slower crack growth rate characterizes the present UFG copper for all R-ratios; 
x the slope of the curves (i.e. the propagation mechanism) at stage II is comparable with data from literature; 
x during stage II the present UFG Cu shows a higher FCG resistance than the conventional grain sized counterpart. 
3.2. Near-threshold Fatigue crack propagation (stage I) 
Values of 'Kth have been estimated with the elaboration previously specified. Results are shown in Fig. 5, in direct 
comparison with values taken from literature. Eq. (4) and Eq. (5) have been used with the following fitting 
parameters: A = 9.45 MPa¥m; B = 7.16 MPa¥m; D = 7.79 MPa¥m; J= 1.82. The analysis of FCG curves at the 
threshold regime and values of extrapolated 'Kth brings to the following schematic considerations: 
x R-ratio influences the threshold FCG regime: higher is R, lower is 'Kth;
x threshold SIFs are higher than values found in literature for the same class of UFG copper, as indicated in Fig. 5 
and in the trend of C coefficient of Fig. 4 right; 
x if juxtaposed with the FCG behavior of annealed and cold worked conventional copper alloys, the present 
ultrafine microstructure shows higher threshold resistance for R-ratios 0.1 and 0.3, but lower when R-ratio 
increases, see Fig. 5; this result is partially in contrast with other investigations. 
3.3. Discussion of results 
Discussion of results shown in Fig. 4 and Fig. 5 is now focused on two important aspects: (i) the FCG resistance 
of the present UFG copper is higher than that of previously tested ECAPed copper alloys, in stage II and in the 
threshold regime too; and (ii) load ratio influences 'Kth and the mechanism of propagation in stage II. To explain 
these results, one can consider that the fatigue strength of low purity UFG copper is higher than that of conventional 
copper by a factor of 2 [12,14,15]. In particular, the high fatigue resistance of copper studied in Ref. [12], which has 
the same chemical composition and ECAP processing of the present material, has been justified demonstrating the 
stability of the bulk microstructure during cycling due to the stable dislocations structure, and to the presence of 
impurities and precipitates. 
Fig. 4. Fatigue crack propagation curves at various R-ratio, and coefficients C and m of the Paris’ law da/dN=C('K)m as function of R-ratio. 
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Fig. 5. Threshold stress intensity factors as a function of R-ratio.
In [12], the grain structure within plastic zone around the cracks was shown to differ from outside of the plastic 
zone: the grains were found markedly elongated, but their size was preserved. Also, in comparison with the CG 
structure, a small grain size can potentially result in more homogeneous deformation, which can retard crack 
nucleation by reducing stress concentrations and ultimately raise the fatigue limit of the UFG structure. Again, it can 
be considered the effect of the interaction between a propagating crack and the grain boundaries (GBs) structure, 
that provides a “topological obstacles to the slip”, [27]. This phenomenon has been already noticed and theoretical 
models on the crack-boundaries interaction developed, with the support of experimental evidences, [28,29]. In these 
studies, it has been shown that because of the crack-precipitate interaction at the GBs, the crack develops steps on 
the crack plane while bypassing the precipitates. The result is a fatigue crack retardation and deflection at a GB, 
which leading to an increase of the free crack surface produces a significant suppression of crack propagation rate. 
This topological factor can be critical in the FCG behavior of UFG metals, if one considers the huge number of GBs 
generated by the grain refinement process. 
The explanation of the effect of R-ratio on propagation behavior in stage II is more complicated. As it can be 
clearly seen, at a constant FCG rate propagation, a higher R-ratio produces a slower growth rate, as if the material 
becomes more insensitive to a crack. This trend is not usual for polycrystalline metals, but a very similar behavior 
can be observed in the propagation curves of ECAPed copper of Ref. [11] with increasing the ECAP passes from 
4Bc, to 12Bc, 16A and 16Bc. In order to better rationalize the influence of load ratio on the crack propagation 
mechanism, in this work a classical crack closure approach in conjunction with a model of crack deflection induced 
closure has been adopted for the elaboration of the experimental results. The Adjusted Compliance Ratio (ACR) 
model proposed in [30] has been chosen; it is based on the hypothesis that 'K effectively applied at the crack tip, 
'Keff, is proportional to the strain magnitude, or to the crack tip opening displacement (CTOD). The 'Keff is then 
calculated correcting 'K by a parameter (the ACR parameter) defined as follows: 
'Keff  'K  ACR  'K  Cs Ci  C0 Ci  (6) 
where Cs, C0 and Ci are the specimen secant compliance, the compliance above the opening load and the compliance 
prior the initiation of a crack, respectively. This model demonstrated to be adequate in interpreting the closure of 
particulate aluminum matrix composites [31]. The model of crack deflection induced closure proposed in [32], has 
been adopted after the analysis of the SEM images of a typical crack path, see Fig. 6. The images show how the 
crack periodically deflects following a zig-zag path, which causes a premature closure mechanism as that visible in 
the detail on the right. With the simple geometrical considerations shown in Fig. 7, this model calculates the 
reduction of the driving force for propagation throughout an effective 'Keff and a corresponding effective crack 
propagation rate, as specified in Eq. (7) (see the scheme of Fig. 7 for the symbols details): 
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Fig. 6. Propagation path with crack deflections at R = 0.3 and applied 'K = 20MPa¥m; in the detail on the right a premature closure mechanism. 
Fig. 7. Scheme of a periodically deflected crack: (a) opened state at the peak load: S is the straight length, D the deflected length, T the deflection 
angle, 'G the CTOD; (b) at the first point of contact upon unloading: uI and uII are the surface mismatches, 'G* = uIItanTis ҏthe closure CTOD. 
Elaborations of experimental points by these two methods are depicted in Fig. 8. Now two main observations can 
be done: (i) propagation curves elaborated by the ACR model do not form completely a “mother curve” in stage II, 
but run parallel; and (ii) propagation points at near-threshold regime are well interpreted by the model of Eq. (7), 
used with the following parameters: D = S = 30 Pm; T = 26°; F = 0.09 at R = 0.1, F = 0.0125 at R = 0.3, F = 0.0083 
at R = 0.5, 0.0 at R = 0.7. It’s clear that the ACR model rationalizes the R-ratio effect in FCG stage II with discrete 
approximation, while it fails when applied to the threshold regime, where evidently the role of microstructure 
achieves higher importance. This result is in partial accordance with FCG tests made on conventional CG copper, 
where it has been observed that decreasing grain size the threshold 'K increases, suggesting that in copper crack tip 
plasticity considerations are more important in determining the threshold values than crack closure effects, [33]. 
Fig. 8. Crack closure elaboration at stage II (left) and stage I (right). 
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The model of deflection of the crack, instead, well describes the closure mechanism occurring when the growth 
rate is very low, see Fig. 8 on the right. The mismatch parameter F, which measures the level of crack closure, 
diminishes when the load ratio (or Kmax) increases; this is attributed to the increase of fracture surface separation 
with increasing R. Adopted values of the mismatch parameter uI and uII, however, indicate that a relatively few 
number of grains are involved in the process at slow crack growth rate, as the detail in Fig. 6 shows.  
The mechanism of propagation at high growth rate and the interrelationship with the ultrafine structure remains 
to be fully investigated; a fractographic analysis conducted on several crack surfaces at the SEM microscope, 
revealed an increasing tortuousity and fragmentation of the crack with the average 'K, at all R-ratios, [34]. The 
profile morphology at the highest loads shows bifurcation, multi-cracking and branching of the main crack. As an 
example, in Fig. 9 two SEM images of branched cracks at high driving force are reported. Several small secondary 
cracks can be clearly seen in perpendicular and parallel direction with respect to the main crack path direction, even 
at some distance from it. Actually, multi-cracking indicates the poor capacity of dislocation mechanism to generate 
around the crack tip and in the plastic wave of the hardened structure. Microcracks generate to accommodate 
excessive strain in the crack vicinity for a decrease in the strain hardening capability due to the severe grain 
refinement. On the other hand, the branching mechanism may be directly responsible of the insensitivity toward 
crack propagation found at the stable FCG rate. Indeed, during stage II propagation, FCG rate diminishes when R-
ratio (i.e. Kmax) increases, thus when branching becomes more evident. Effectively, crack branching would reduce 
the mode I crack driving force and has been known to play a significant role in crack retardation. It has been shown 
that crack deflection or multi-cracking can enhance Kmax by a factor of about 20-30% [27]; recently, a work on finite 
element modeling of fatigue crack branching, found that the near-tip stress intensity factor range was significantly 
reduced due to crack branching, [35]. The crack tip stress shielding introduced by crack branching could be 
considered to be the reason for the lower observed crack growth rates, definitely explaining the noticed FCG 
behavior, otherwise impossible to rationalize with crack closure arguments. 
4. Conclusions 
This work presents and discusses the experimental characterization of the fatigue crack growth resistance of an 
ultra-fine grained copper alloy. The copper has a commercial level of purity (99.90%), and an average grain size of 
300 nm obtained by an ECAP in 8 passes.  The main conclusions of this study can be summarized as follows: 
x if compared with high-purity ECAPed UFG copper and with conventionally grained alloys too, the present 
material shows higher FCG resistance in stage II; moreover, its resistance at the threshold regime is comparable 
with that of CG copper; 
x elaboration of experimental data by two closure models shows that (i) a large number of grains are involved in 
the propagation process for most of the analyzed range; (ii) a plastic induced crack closure mechanism is the 
most probable closure mechanism at high driving force, while the applicability of the crack deflection model 
indicates the possibility of a roughness induced crack closure mechanism only near the threshold growth rates: 
this is consistent with the average material grain size; 
Fig. 9. Two branched cracks observed on the specimen profile, at R = 0.3 and Kmax = 58.6 MPa¥m (left), and at R = 0.7 and Kmax = 62.3 MPa¥m
(right).
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x the increasing insensitivity toward the fatigue crack propagation shown during stage II when R-ratio increases, is 
index of a mechanism of apparent toughening that can be explained, at least qualitatively, considering the effect 
of the observed branching of crack path onto slip bands; 
x not only the peculiar grain size distribution, but also ductility, hardening conditions, grain boundaries impurities 
and cellular substructure play an active role on the fatigue crack propagation behavior of ultrafine-grained  
copper. 
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